Abstract-Changes in the tertiary structure of a high molecular mass DNA in solution that result from the addition of trivalent lanthanum ions, including intramolecular structuring of the macromolecule, are studied by atomic force microscopy. The effect of bivalent magnesium and manganese ions on the structure of DNA in an aqueous-alcohol solution is analyzed. The data are compared with the results of viscometry, dynamic light scattering, flow birefringence, circular dichroism, and UV spectrophotometry.
INTRODUCTION
The development of new technologies based on the use of polymer solutions requires detailed knowledge of conformational changes of macromolecules related to a change in the properties of solvents. DNA occurs in solution is a rigid strongly swelling polyion with a high charge density. The presence of metal ions affects the state of a macromolecule and in some cases causes formation of DNA based metal complexes inducing the appearance of structures that show promise for nanotechnologies. The use of biological polymers for designing nanostructures is determined by their unique properties and the occurrence and functioning of complex self organizing systems in vivo. For exam ple, nucleic acids can be used to design two and three dimensional nanostructures [1, 2] . In this case, the DNA molecule serves not as a biopolymer and a genetic information carrier but as a material suitable for solving various engineering problems, including those in the field of electronics [3, 4] . Complexes of macromolecules with diverse compounds in solution serve as a basis for creating molecular motors and nanoswitches [5, 6] . The unique charge behavior of DNA opens a wide possibility for the development of nanowires on its basis [7] [8] [9] . In addition, DNA can be used for modification of various surfaces needed for solving a wide spectrum of physical and chemical problems. For example, the fixation of DNA on the surface of a silicon single crystal may facilitate the cre ation of an interface with new characteristics [10] . The synthesis of DNA based nanostructures relies on either the complementarity of nitrogenous bases or the targeted modification of electrostatic interactions that cause the reversible compaction of the swollen molec ular coil (e.g., in creation of gene vectors). A change in the polymer-solvent affinity may be an additional fac tor influencing the formation of such structures. Gain ing insight into the molecular mechanism controlling the formation of DNA based metal complexes and the analysis of the effect of solvent properties on confor mational transitions induced by DNA binding with charged compounds are necessary for the efficient use of nucleic acids in new technologies. Since metal ions are directly involved in almost all biochemical pro cesses, understanding their effect on the structure and properties of DNA is important for molecular biology, pharmacology, and medicine. This study concerns some conformational transitions of DNA that are induced by the presence of metal ions in solution and that are not accompanied by a change in the secondary structure of a macromolecule. Visually observed changes in the structure of DNA are compared with the spectral data and the results of hydrodynamic measurements.
There is a large body of experimental data and the oretical ideas about the reversible compaction of DNA in solution accompanied by formation of discrete structures (the so called condensation of DNA); how ever, the molecular mechanism of this process and the causes of DNA coiling in chromatin are unclear, although electrostatic interactions evidently play the decisive role. An increase in the concentration of DNA hampers condensation owing to the appearance of aggregates, while an increase in the content of charge shielding agents in solution results in precipi tation of the polymer. The presence of univalent coun terions in a DNA solution does not lead to its conden sation, even at the maximum admissible concentra tions (a saturated solution of NaCl), and cannot ensure such shielding of the macromolecule charge that could change the polymer-solvent affinity to favor the precipitation of DNA [11, 12] , and Cu 2+ bind with the nitrog enous bases of DNA preferable at the N7 position of guanine [14] and destabilize the double helix; at a high ionic strength of the solution, these metal ions provoke thermodynamic instability since, for single strand DNA, an aqueous-saline solution with a concentra tion of NaCl above 2 mol/l is a poor solvent [15] . The occurrence of trivalent metal ions in solution causes salting out of DNA at a low concentration (on the order of 10 -4 mol/l) [16] . At lower concentrations, their binding with DNA is accompanied by significant changes in the tertiary structure of a macromolecule [17, 18] . A comparison of conformational changes of DNA induced by the presence of various trivalent ions in solution (cobalt, iron, lanthanum, and aluminum hexamines) showed that compaction of the molecular coil results in a gain in its optical anisotropy [18] . This effect can be explained by the fact that the binding of trivalent ions with DNA is accompanied by formation of intramolecular crosslinks responsible for the appearance of mutually oriented segments [16] [17] [18] that favor further packing of a two helical macromol ecule in condensed structures. Note that the compac tion of DNA implies any noticeable change in the vol ume of the molecular coil, while the term condensa tion refers to formation of discrete nanoparticles that result from phase transition in strongly diluted DNA solutions of low ionic strength during interaction of DNA with various charged compounds, such as poly cations [19] , polyamines [20, 21] , and point multiva lent ions of the cobalt hexamine type [22, 23] . The sizes of condensed structures are independent of the nature of the condensing agent [24] . The authors of [25] believe that, during condensation of DNA in tor oidal structures, the double helical chains of DNA are packed in parallel [25] . The predominant binding of trivalent ions with the phosphate groups of DNA [26, 27] , which are located at the periphery of the helix, facilitates the development of intramolecular crosslinks and does not worsen the stability of the sec ondary structure of a macromolecule. Distortion of this structure not only would cause a drastic reduction in the flexural rigidity of a chain but also would lead to a substantial change in the polymer-solvent affinity since destruction of a system of hydrogen bonds yields hydrophobic nitrogenous bases, which are reliably hidden inside the secondary helix of the native DNA, accessible to water. Even a slight destabilization of the secondary structure (a hyperchromic effect on an order of 5%) brings about a significant decrease in the threshold concentration of trivalent ions. When this concentration is exceeded, the molecularity of DNA solutions turns out to be distorted. In fact, dissociated phosphate groups ensure the hydrophilicity of a mac romolecule and their binding with metal ions accom panied by the loss of water from the hydrate shell may be responsible for the salting out of DNA. (For diva lent ions, binding proceeds mostly via water mole cules.) At a small degree of binding, this process is equilibrated to a certain extent by the electrostatic repulsion of phosphate groups, which leads to the polyelectrolyte swelling of the coil. It is possible that a certain role in this process is played by the marked thermodynamic rigidity of a DNA molecule (it is known that an increase in the shielding of the charge on a macromolecule does not cause any change in its persistence length a [11]) associated with the double helical structure whose distortion excludes the revers ible condensation. Thus, the obtainment of con densed structures of DNA is associated with high requirements imposed on the state of the secondary structure of a macromolecule.
In this study, the conformational changes of DNA are analyzed in a wide range of component concentra tions with the use of lanthanum ions as an example. In addition, the effect of divalent metal ions on the struc ture of DNA in aqueous-alcohol solutions is exam ined since the addition of alcohol changes the proper ties of a solvent and, hence, may affect the interaction of DNA with metal ions.
EXPERIMENTAL

Viscometry
Relative viscosities
(η and are the viscos ities of a solution and a solvent) of DNA solutions with various concentrations c were measured with a Zimm-Crothers low gradient rotational viscometer at various rate gradients g and then were extrapolated to g = 0. The intrinsic viscosity of a DNA macromole cule, is proportional to its specific volume in solution.
In accordance with the Flory formula,
where M is the molecular mass of a polymer; 〈h 2 〉 1/2 is the rms end to end distance; and Φ is the Flory parameter, which depends on the polymer-solvent affinity and the rigidity of a polymer chain. 
